Abstract The ISIS neutron spallation facility is a worldleading centre for neutron scattering and has a formidable selection of elastic and inelastic neutron scattering instruments to study the physical properties of solids and liquids by a number of techniques that include diffraction, total scattering and molecular spectroscopy. In addition, complex sample environment apparatus may be utilized with these instruments that allows materials to be studied under controlled gas environments as a function of temperature, pressure and gas flow. Here, we discuss the application of these instruments and various sample environments to materials challenges within the field of catalysis, describe some of the more recent catalysis and catalysis-related experiments and highlight the capabilities of the ISIS facility in tackling catalytic challenges.
Introduction
ISIS [12] , (Figs. 1, 2) is a world-leading centre for neutron scattering. The technique is applicable to a great diversity of subjects spanning condensed matter physics, engineering, materials science, chemistry and soft matter. The usefulness and generality of neutron scattering arise from the properties of the neutron, which is an uncharged particle of mass 1.00866 amu (almost the same as the hydrogen atom 1 H, 1.00782) with a magnetic moment.
The scattering occurs from the atomic nuclei of the sample and since the nucleus of an atom is only *1/1,000 of the diameter of the atom, neutrons only interact weakly with matter and are consequently highly penetrating; millimeters of steel are essentially transparent.
The nuclear scattering has a number of interesting consequences. The scattering cross section is both atom and isotope dependent and is not a monotonic function of atomic number as it is for X-ray scattering (see Research (London) 7, 257, 1954) . Thus for neutron diffraction studies it is straightforward to study light elements in the presence of heavy ones, hydrogen-in-metal systems being the archetype but the precise location of oxygen in heavy metal oxides is also an exemplar. Since X-rays are scattered by electrons, bond distances are more accurate from neutron scattering data, this is particularly the case for bonds involving hydrogen, since the maximum in electron density is not located at the atomic position but is displaced toward the heavier atom. Thus C-H and O-H distances measured by X-ray diffraction are typically 0.1 Å shorter than those measured by neutron diffraction. It is also possible to distinguish elements that are adjacent in the periodic table, thus Al 3? and Si 4? , as commonly found in zeolites, have identical scattering power for X-rays (since they have the same number of electrons) but different neutron cross sections, 1.503 versus 2.167 barn (1 barn = 1 9 10 -28 m 2 ), respectively, hence providing contrast.
The most striking difference in cross section occurs for 1 H and 2 H, hydrogen and deuterium: r coh = 1.76 ( 1 H), 5.59 ( 2 H) barn, r inc = 80.27 ( 1 H), 2.05 ( 2 H) barn (r coh = coherent scattering cross section, r inc = incoherent scattering cross section). Hence, hydrogen is overwhelmingly an incoherent scatterer while deuterium is primarily a coherent scatterer. Coherent scattering gives information on long range properties such as structure while incoherent scattering is a local probe. The neutron may be scattered without a change in energy (elastic scattering) as in diffraction, so this relies on r coh or they may be exchange of energy between the sample and the neutron (inelastic scattering). The latter may be coherent or incoherent, but for any material containing hydrogen, the incoherent scattering dominates. For catalyst studies this is both a blessing and a curse. Since much of catalysis involves the transfer of hydrogen from reactant to product, for structural studies it is usually necessary to use deuterated materials. For inelastic scattering, it is only the exceptionally large value of r inc that makes such studies feasible.
In the rest of the paper, we will describe the instruments that have been used for catalyst studies and the infrastructure that has been developed to enable such work. It must be emphasized that for successful investigations both components are essential.
Elastic scattering
Dedicated catalysis and gas handling systems for catalytic reaction have been developed at ISIS [37] to directly probe the structure of catalyst materials in environments that closely approximate those of real industrial processes. This apparatus permits catalysis samples to be studied within the elastic instruments at ISIS while under vacuum, flowing atmospheres of up to 5 bar and at temperatures between 4 and 1,273 K. In 2000, Turner et al. [36] utilized this apparatus to probe the interaction of the active site of a NiNa-Zeolite Y catalyst (NiNaY) with acetylene. Here, two samples of NiNaY ( Nat NiNaY and 62 NiNaY) were analyzed using the small angle neutron diffractometer for liquids and amorphous samples (SANDALS) at ISIS together with the catalysis apparatus described above. The SANDALS diffractometer at ISIS has been specially constructed to investigate the structure of liquids and amorphous materials over a wide range (0.2-50 Å -1 ) of momentum transfers and the combination of an intense pulsed neutron source and a large number of detectors at low angles make SANDALS particularly useful for measuring structure factors containing light atoms such as hydrogen and deuterium. Total neutron cross scattering was measured for the two NiNaY samples ( Nat Ni and 62 Ni) with and without the addition of d 2 -acetylene (C 2 D 2 ). For acetylene-free samples, a very clear differentiation of the isotopically enriched and natural abundance samples was obtained. When treated with deuterated acetylene the intermolecular C-C and C-D bond lengths could be observed at r CC = 1.16 ± 0.01 Å and r CD = 2.3 ± 0.05 Å , with small changes to the host structure. The complementary use of density functional theory (DFT) modeling with the total scattering studies allowed the investigators to observe a considerable deformation of the acetylene, with the C-C bond lengthening by 0.05 Å , and the C-D bonds bending back from the coordinating metal centre by 11°, with a concomitant reduction in the charge of the nickel ion from ?2 to ?1.08 due to donation of electron density from the C-C triple bond (Fig. 3) . The neutron data were found to be consistent with structural features of the predicted Ni complex associated with the Dewar-Chatt-Duncanson model for p acid coordination. Similarly, Parker et al. [25] have used a combination of inelastic and elastic neutron scattering techniques using the TOSCA and SANDALS instruments at ISIS, respectively, to investigate Ni-Ni and Ni-H distances of a RANEY nickel hydrogenation catalyst at 1 bar H 2 and ambient temperature. Further combined inelastic and elastic neutron diffraction studies were performed by Parker et al. [26] on the model oxidation catalyst, hydrous palladium oxide. A combination of X-ray and neutron diffraction, inelastic neutron scattering, electron microscopy, infrared spectroscopy and periodic-DFT calculation were used to comprehensively characterize hydrous palladium oxide and identify it as a nanocrystalline material of general formula PdOÁH 2 O. Here, the II ion, from Turner [36] GEneral Materials diffractometer (GEM) at ISIS was used to determine the structure of PdOÁH 2 O. The GEM diffractometer can perform high intensity, high resolution experiments to study the structure of disordered materials and crystalline powders. It utilizes a highly stable detector array, which covers a very wide range in scattering angle (1.1°-169.3°) and a very large solid angle, leading to a wide dynamic range and a high count rate. The high real-space resolution of GEM approaches 0.1 Å due to the high maximum momentum transfer (55 Å -1 ) [9] . The GEM diffractometer also offers the capability of diffraction within a high temperature gas flow cell up to 1,300 K and a variety of atmospheres and gas flow rates (Figs. 4, 5, [10] ). This apparatus, in conjunction with the GEM diffractometer, was used to investigate the structural properties of anion deficient ceria,CeO 2-d , as a function of oxygen partial pressure. Here, analysis of the total scattering, together with reverse Monte Carlo (RMC) modeling highlighted preferential alignment of O 2-vacancies as pairs in the \111[ cubic directions as the degree of nonstoichiometry increased [11] .
Purely structural analysis of catalysis materials may also be undertaken at ISIS. In 2002, Fowkes et al. [8] undertook a study of copper (II) and copper (I) exchanged zeolite Y using the high resolution powder diffractometer (HRPD) at ISIS to reveal subtle changes in cation site occupancy, cation-framework interactions and framework relaxation. HRPD is the highest resolution neutron powder diffractometer of its type in the world with a main backscattering detector bank Dd/d resolution of *4 9 10 -4 , which allows resolution of peaks at d-spacings below 0.3 Å , and up to a maximum wavelength of 10-12 Å . Potential catalysis materials, such as metal organic framework (MOF) materials have also been studied at ISIS and in 2010, Yan et al. [37] used the GEM diffractometer at ISIS to study the preferential absorption sites for D 2 in the NOTT-115 and NOTT-116 MOF materials. High pressure diffraction studies may also be performed at ISIS using the PEARL diffractometer, which is a medium resolution high-flux diffractometer optimized for data collection from a ParisEdinburgh pressure cell, permitting structural studies to be carried out at pressures up to 25 GPa and routinely up to *10 GPa using ISIS tungsten carbide anvils. In 2005, Colligan et al. [7] utilized this instrument to investigate the zeolite natrolite in mixtures of perdeuterated methanol and water at pressures of up to 1.87 GPa.
Inelastic scattering
Inelastic neutron scattering (INS) covers a large range of both energy (equivalent to the microwave to the vacuum Fig. 4 The schematic diagram of the flow-through gas cell (with the right hand portion highlighting the central portion of the left hand figure) , showing (1) oxygen and temperature sensor; (2) gas inlet; (3) gas outlet; (4) heater element; (5) heat shielding; (6) quartz sample holder; (7) sample; (8) quartz frit; (9) thermocouple, from [10] Fig . 5 The GEM diffractometer high temperature gas flow cell, capable of up to 1,300 K and a variety of atmospheres and gas flow rates ultraviolet) and timescales (micro-to attoseconds). In all cases it is the energy difference, DE, between the incident and the scattered neutron that is required. With quasielastic scattering, DE *0 cm -1 , the applications include measurements of diffusion constants in microporous materials [15] , or the temperature of dissociation of hydrogen on a surface [24] . At higher energies, 100 B DE B 4,000 cm -1 , neutron vibrational spectroscopy [22] has been used for the investigation of adsorbates [2] ranging from the molecular [21] to highly disordered hydrocarbonaceous overlayers [34] .
ISIS is uniquely well-equipped for neutron vibrational spectroscopy. The four principle instruments for molecular vibrational INS at ISIS are TOSCA [6] , MAPS [19] , MARI [20] and MERLIN [5] covering an energy range of 0-16,000 cm -1 . For inelastic scattering, in addition to the total neutron flight time either the arrival time of the neutron at the sample (direct geometry spectrometer, MARI, MAPS and MERLIN) or the time for the neutron to travel from the sample to the detector must be known (indirect geometry spectrometer, TOSCA). This requires fixing either the incident energy or the final energy. TOSCA has a spectral range of -24-4,000 cm -1 with a resolution of *1.25 % of the energy transfer for transitions below ca. 1,200 cm -1 and a precision of *3 cm -1 below 2,000 cm -1 . The direct geometry instruments provide the opportunity to trade sensitivity and resolution and MARI produces a monochromatic neutron beam in the range of 72-8,060 cm -1 with a resolution of *1 % of the incident energy, E i , at the largest energy transfer. MAPS operates between 120 and 16,000 cm -1 with a resolution of up to 1.5 % E i , while MERLIN is a very high count rate, medium energy resolution, spectrometer operating in the range of 50-16,000 cm -1 , with a resolution of 3-5 % E i . Both MAPS and MERLIN have a very large array of positionsensitive detectors, on MERLIN this is nearly 180 o in the horizontal plane and ±30 o in the vertical plane, which provide high sensitivity for weakly scattering samples such as adsorbed species on catalysts. The two types of spectrometer are highly complementary [28] , for modes at \1,200 cm -1 , TOSCA is the best resolution spectrometer in the world, while the direct geometry instruments are able to explore the 2,800-4,000 cm -1 region, where the characteristic C-H, N-H, and O-H stretch modes occur.
INS spectroscopy is not intrinsically a surface sensitive technique, high penetration of neutrons means that all the atoms in the sample contribute to the signal. Since the number of surface atoms is usually only a small fraction of the total number of atoms present, it is essential to maximize the signal from the surface species. In practice, this means that adsorbates must be hydrogenous, large samples are needed and high surface area is required. Sample sizes are typically in the 10-50 g range, a 1000-fold larger than is typically used for microreactor studies. For commercial catalysts, the sample size is generally not a concern and has the advantage that representative sampling is much less of a problem. For research materials, generating sufficient sample for an INS study can be a challenge. A flexible system that is capable of producing the samples for a range of heterogeneously catalyzed reactions has been jointly developed between ISIS and the University of Glasgow (Fig. 6) [35] . The technology is essentially the same as that used for microreactor studies but scaled-up to handle the larger quantities of sample and reactants required. The system can treat up to 30 g quantities of catalyst under representative reaction conditions of up to 823 K and pressures of up to 20 bar. Furthermore, the modularity of the design allows adaptation of the apparatus to different reaction conditions. The penetrating nature of neutrons means that there is a wide choice of materials for sample cells. Steel, quartz, Inconel TM (a Ni(70 %)/Cr/Fe alloy with minor amounts of other elements) and Zircaloy TM (95 % Zr, *2 % Sn and small amounts of Nb, Fe, Cr, Ni) cells have all been used in a wide variety of designs, including flow-through and batch reactors (Fig. 7) .
Zeolites are among the most important catalyst materials, but below *1,800 cm -1 are opaque to infrared radiation; however, they are transparent to neutrons, thus the combination of INS to study the 'fingerprint region' with infrared spectroscopy to study the O-H stretch region is very powerful and enables access to the complete 0-4,000 cm -1 spectral range. This has been used to characterize hydroxyls and ammonium ions in Y zeolite [13, 14] Reproduced from [35] and also to investigate the adsorption of short carbon chain (C 1 -C 4 ) on cation-exchanged zeolite X [32, 33] . Using a combination of NMR, infrared and the TOSCA spectrometer at ISIS Schenkel et al. were able to identify the sorption structures for a number of C 1 -C 4 n-alcohols, the strongest adsorption sites and a rationale for the difference in sorption behavior for the different cation-substituted materials.
Determination of surface-adsorbed species is important for all catalyst materials, albeit for varying reasons. For example, pyridine chemisorption is often used as a probe of surface acidity usually in conjunction with infrared spectroscopy. The use of neutrons greatly extends the spectral window available and in addition to the study of pyridine on alumina [18] , where it is routinely used, it has also been possible to study pyridine adsorption on activated carbon, which is often used as a support material for precious metal catalysts [17] . Adsorbed species on used catalysts are also of considerable industrial interest. An examination of a 20 % Pd/C catalyst that had been used for Heck coupling reactions of bromobenzene and styrene to trans-stilbene produced the surprising result that the predominate surface species was cis-stilbene, even though a yield of about 90 % of trans-stilbene was measured in the product mixture [1] .
In 2005, Lennon et al. with an industrial partner, carried out a combined infrared and INS study of the interaction of g-alumina and methanol using both the MARI and TOSCA spectrometers [21] . This reaction is important in the industrial scale manufacture of methyl chloride, where methanol and hydrogen chloride are combined over high surface area alumina catalysts. The combination of TOSCA and MARI INS instruments permits both high (MARI) and low (TOSCA) energy modes to be observed, and thus the complete spectroscopic range from 0-4,000 cm -1 to be investigated at high resolution. This combination of techniques permitted the investigators to determine the dominant surface species to be an adsorbed methoxy species. One of the problems associated with methyl chloride synthesis is that dimethyl ether, CH 3 OCH 3 , is formed as an unwanted by-product. As a result of this work, the industrial partner was able to modify the surface properties of the catalyst so as to drastically reduce the amount of dimethyl ether produced and the attendant cost of recycling it back to methanol. This is a clear demonstration of chemical understanding at the molecular level helping to rationalise improvements in a large scale industrial process with both financial and environmental benefits.
Recent work has examined the Lindlar catalyst (leadmodified palladium on calcium carbonate) and compared it to an unmodified catalyst (palladium on calcium carbonate) [4] . The Lindlar catalyst is remarkable, because it selectively reduces alkynes to cis-alkenes whereas the unmodified catalyst results in alkanes. The MAPS spectrometer is particularly suited to the study of supported catalysts as its enhanced sensitivity permits the study of the low concentrations of precious metal catalysts often found in [30, 31] looking at zeolitic materials, Larese et al. [16] looking at binding of H 2 onto MgO and Albers et al. [3] looking at carbonsupported platinum-ruthenium fuel cell catalysts.
Reforming of methane to syngas (CO/H 2 ) is an important industrial process and the study of reforming catalysts, typically nickel/alumina, is of significant interest. However, deactivation by carbon build-up is a major problem. Utilizing the apparatus previously described (Fig. 6) , a series of deactivated catalysts were prepared. Operating the MAPS spectrometer at an incident energy of 4,840 cm -1 to focus on the crucial C-H and O-H spectral region, Silverwood et al. [34] were able to identify the extent of overall carbon laydown on the catalyst and also to quantify the hydrogen associated with carbon and oxygen. This ability to quantify surface species is a unique capability of INS spectroscopy.
INS measurements are usually carried out at low temperature, \20 K. However, in favorable circumstances, by taking advantage of the capabilities of the MAPS spectrometer, it is possible to carry out in operando experiments. In an example of this, experiments were carried out in MAPS at room temperature under flowing 5 % CO/He (100 cm 3 min -1 ) to investigate the low temperature oxidation of carbon monoxide over hydrous palladium oxide. This work identified that the active phase of PdO for CO oxidation is closely associated with hydroxyl groups [27] .
To understand catalytic processes, it is often necessary to use model compounds and completely characterize the reactants and products. For these types of study TOSCA excels due to its spectral range and high resolution and has been used to study ethylidyne tricobalt nonacarbonyl [23] , a model compound for the adsorbed ethylidyne that results from hydrogenation of ethene on (111) surfaces. Parker et al. [29] also recently completed a combined, simultaneous infrared and INS study of the C5 dienes and alkenes that result from hydrogenation of a C5 mixture over a Pd/Al 2 O 3 catalyst. The mixture models a C5 raffinate cut from a refinery. In this study Parker et al. were able to compare INS, Raman and infrared spectra with calculated spectra for a number of species, and were able to show that the combination of spectroscopic techniques provided data that could be used for quantifiable, real-time gas-phase catalysis processes as well as molecular, isomer and conformer discrimination.
Conclusion
It can be seen that the use of neutron scattering techniques, either on their own, or in conjunction with other techniques can provide a range of information on catalysts and catalytic systems that is not available through the sole use of other, more routine, spectroscopic techniques. The large spectral range of the ISIS spectrometers, high resolution of ISIS diffractometers and high neutron cross section of hydrogen make ISIS a unique and world-leading facility for the study of catalysts and catalytic processes. The recent development of gas handling and specialist sample environments now allows scientists to test industrially relevant samples in environments that exactly mimic or closely approach those utilized in commercial processes. These in operando studies significantly increase the relevance of neutron scattering studies, permitting scientists to directly investigate commercially important processes and thus develop a greater understanding of catalytic mechanisms and processes, and thus produce catalysts and catalytic processes with enhanced properties.
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